ABSTRACT
INTRODUCTION
The use of DNA microarrays is rapidly becoming a powerful diagnostic tool in the medical biotechnology arsenal. Microarrays are simply a surface onto which DNA fragments, oligonucleotides, or other substrates are placed in a grid pattern so that each sample in the array has a specific coordinate (3, 8, 13) . Both glass chips and nylon membranes have served as support surfaces enabling the hybridization of either DNA or cRNA probes to both qualitatively and quantitatively assess the DNA or RNA content of the sample. Using this technique, both determinations are possible.
One area that has benefited greatly from the use of microarrays is expression profiling. Microarrays allow the researcher to survey gene expression in entire tissues. This promises to make microarrays an increasingly powerful tool (2, 7, 14) . Their utility is only limited by the number of gene targets contained in the array. Even with this temporary limitation, they are rapidly becoming the tool of choice in the study of numerous disease states and processes, including the genetics of cancer (5, 11) , mutational analysis (10) , and the analysis of multifactorial diseases (4, 9) . In addition, this technology is positioned to become a powerful tool to screen neonates for multiple heritable diseases (6) . The essential role of microarrays in all these areas is dependent on the reliability of the data that can be obtained from the array. The input and analysis of the data have been augmented by the development of several commercial software packages specifically tailored to the individual arrays (1) .
The Pathways ™ analysis software (Research Genetics, Huntsville, AL, USA) requires the precise alignment of a series of reference control points to accurately identify the arrayed elements. In some instances, as typified during the course of several rounds of hybridization, the control points can become difficult to visualize. This renders the precise and accurate alignment of the array virtually impossible, leading to inaccurate data entry. Data analysis is not possible because the positional point of reference is lost.
We have developed a simple imageprocessing routine that employs a control reference template to increase the precision of control point alignment to address this need. Gene constellations common to the various hybridized arrays were identified and utilized as internal points of reference. These points provided anchors upon which the alignment control reference template was overlaid and the remaining reference control points inserted. Reference point insertion was then independently validated to ensure data integrity. This routine has been successfully utilized to recover data from a series of arrays in which the alignment control points were obscured.
MATERIALS AND METHODS
Human genefilter microarrays were purchased from Research Genetics. A human testes cDNA library was purchased from Clontech Laboratories (Palo Alto, CA, USA). RNA was prepared from human ejaculate spermatozoa as previously described (12) . Hybridization probes were prepared by labeling either 1 µ g total RNA or 1 µ g polyRNA (A + ) with [ 33 P]. Individual aliquots of the probe were separately hybridized to each genefilter. Hybridizations were carried out as recommended by Research Genetics (http: //www.resgen.com/products/GF200_ protocol.php3). All post-hybridization washes were performed for 30 min in 80 mL wash solution. Images were captured using a Molecular Imager FX (Bio-Rad Laboratories, Hercules, CA, USA) and analyzed using the Pathways PC version 2.01 software and Adobe ® Photoshop ® PC or Macintosh ® version 5 or higher software.
Creating the Reference Control Point Template
The first step towards reliable analysis is the creation of the reference control point template for each imaged filter. The reference control point template was prepared by first selecting a filter image in which all control points were well defined. An example is shown in Figure 1A . The image is subsequently squared using both the Pathways and Photoshop software as follows. The first four alignment points were entered into Pathways, and a skew value was reported to the operator by the Pathways software. To correct the skew, the image was imported into Photoshop and then rotated in the opposite direction while maintaining the same magnitude of skew. This process was repeated until a skew value of less than 0.10 was reported by the Pathways software. This skewcorrected file was then saved as the new control filter image ( Figure 1B ). The squared control filter image could then be used to create the reference control point template as described below.
The squared TIFF image of the array was imported into Photoshop, and a transparent layer was created over the array. At the highest possible magnification, a single point was then placed on the transparent layer over each control point using the paintbrush tool. The brush size was varied until the point created on the transparent layer precisely matched that of the array. This process was repeated for each of the 16 control points. It is critical that the control points added to the transparent layer precisely eclipse the control points of the array. The transparent layer containing the control points was then saved as a new file and served as the reference control point template for that filter ( Figure 1C ).
Identification of Gene Constellations
As shown in Figure 1D , by visualizing multiple independent array hybridization events on the same filter, it is possible to identify constellations of hybridization signals that are common to each set of arrays among each set of experiments. The identification of the reiterated members of each constellation common among all images is requisite to the successful implementation of this technique. The use of three constellations of signals enables the images of the filters to be oriented. A single well-defined hybridization signal from each of the three constellations was selected as the αmarker in that constellation. It was necessary to square the image of the filter before inserting the control points on the experimental image. As illustrated below, the complexity of this task is inversely proportional to the abundance of visible control points. First, a duplicate file was created for both images of the experimental and control filters. As shown in Figure 2A , using the duplicate control filter image file, a line was drawn from the αmarker in constellation b to the αmarker in each of the other two constellations a and c. In the same manner, a line was drawn from the αmarker in constellation b to the α marker in each of the other two constellations in the duplicate experimental filter image file, as shown in Figure 2B . Using Photoshop, the image of the experimental filter was superimposed over the image of the control filter. The experimental filter image was then incrementally rotated until the lines con - necting the αmarkers matched those in the control filter image ( Figure 2D ). To square the image, the degree of rotation was noted, and then the original experimental image filter file was similarly rotated using Photoshop.
S h o r t Technical Re p o r ts

Adding Anchoring Control Points
With the image of the experimental filter and reference control point template oriented (Figure 2D) , it was possible to select and insert the three anchoring control points relative to the α markers ( Figure 1E ). The three anchoring control points that were selected from the 16 control points were the upper rightmost control point (CP no. 1), the upper leftmost control point (CP no. 8), and the fourth control point from the right on the bottom of the array (CP no. 13), shown in Figure 1E . The distance from the αmarker to one of the anchoring control points on the image of the control filter was measured to the pixel at the center of the control point at the highest possible magnification. This was repeated for each of the αmarker anchoring control point pairs ( Figure  1F ). The slopes of the lines for each of the three α marker-anchoring gene pairs, the height and width traversed between the two points was then determined. These control filter measurements were then transposed to the image of the experimental filter to place the three anchoring control points. The distance was measured from each experimental filter αmarker to the pixel that exactly matched the location of the anchoring control point on the control filter image. At this pixel, an anchoring control point was inserted on the image of the experimental filter using the paintbrush option in Photoshop. This was carried out for each of the three anchoring control points.
Insertion of the Reference Control Point Template
Once the three anchoring control points had been inserted, it was possible to insert the reference control point template. This was accomplished by pasting the reference control point template over the image of the experimental filter. The template was then moved to a point where the anchoring control points from the constellation exactly matched the corresponding points on the reference control point template. The overlap of the anchoring control points and the reference control point template was then verified at the highest magnification possible. Upon confirming the overlap, the image was flattened and the process was complete.
RESULTS AND DISCUSSION
The analytical results produced by this control point optimization procedure were consistently of high quality. It was possible, using this technique, to recover data from hybridized arrays that were previously useless, due to poor control point visualization. In all cases, this optimization protocol improved the fidelity of interpretation and is now routinely employed.
It was essential that the insertion of the control reference points be carried out with the most stringent tolerances possible along each step of the process. The squaring of the arrays before the addition of the anchoring control points requires special attention. The Pathways software system uses the anchoring control points as a series of internal coordinate calibration standards to define the series of grids necessary to reference and analyze the data. For these reasons, it is essential that the anchoring control points be placed using the highest possible magnification with single-pixel precision. An error in placing the control points even as small as two or three pixels produces less than optimal alignment and subsequent analysis. Note that when the array was squared before anchoring control point insertion, addition of the control point template was problem free.
One of the concerns with any operation of the array image was the possible distortion of the data. At no time should any of Photoshop's image-enhancing capabilities be employed. This should be carried out using Pathway because this software is used for data interpretation. To show that this process had not significantly altered the array data, an image with good control point visualization was subjected to reference control point template insertion. The images of the experimental and control filters were then compared using Pathways software overlay comparison function. A red/green overlay of the two images was performed and showed that the two imaged filters exactly matched with no loss or distortion of data. A 0.6% change in background intensity of the experimental filter image was noted. This change in background only marginally effects data interpretation when performing quantitative analysis and need only be considered then. It has been our experience that this change in background level can be minimized by first opening all files in Photoshop before comparison in Pathways.
The integrity of the data using the reference control point template method was compared to that of the independent operator using the best guess approach. An image with no visible control points was utilized for comparison. When the red/green overlay was performed on the two images, there was no overlap between the two images; that is, there was total discordance between the two reports despite the fact that they came from the same original hybridized array. When the data entry methods were compared, it was noted that the operator using the best guess approach was incorrect 100% of the time. This error was routinely introduced when some of the control points were missing. As the image is imported into Pathways, the program allows the operator to take his or her best guess at where each control point should be placed. Most operators will attempt to enter a filter's image into the Pathways software many times until the software reports an entry with a reasonable grid pattern. The process of guessing is not reproducible and is highly dependent on the skill of the operator.
As described in this communication, the use of a reference control point template renders highly precise and reproducible data entry. The addition of a reference control point template markedly improves data interpretation even in the absence of a few control points.
